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Abstract: Remote sensing is a method of monitoring the natural heterogeneity of vegetation. Although satellite based remote sensing has
been a popular method for monitoring the earth’s surface, it has several drawbacks, such as the orbital period, unattended capture, and
investment cost. On the other hand, an unmanned air vehicle (UAV) is more flexible in terms of deployment, monitoring a small area,
and being easy to obtain at a low cost. From this point of view, the goal of this research was to develop a low cost and easy to implement
technical solution for mapping spatial heterogeneity and research its relationship with plant conditions. The intention was to develop
a cycling process starting with a UAV-based image-capturing tool for an easy and reasonable production of a normalized difference
vegetation index (NDVI) and the resulting prescription maps, especially of vineyards. The main parts of this image acquisition system
were the UAV and modified digital cameras purchased from the store. Two different fixed-winged UAVs were built for this study based
on commercial airplane models and used open source autopilot. Two small digital cameras (Nikon and Canon) were tested for capturing
the images. These were modified to capture electromagnetic energy ranging from 380 nm to 1100 nm. Camera calibration tests were
conducted and a UAV-based image acquisition system was successfully developed. In the next step, future field tests will be conducted
to assess the practical usage of running the cycling process.
Key words: Digital camera, precision agriculture, unmanned air vehicle

1. Introduction
Over the last few decades, precision agriculture and
its technologies have been considered to be the most
significant development in the agricultural domain by
targeting the management of natural heterogeneity to
improve farm profitability, minimize negative effects on the
environment, and comply with agronomic requirements
(Swinton and Lowenberg-DeBoer, 1998; Plant et al., 2000;
Auernhammer, 2001; Godwin et al., 2003; Tekin and
Yalçın, 2014; Balafoutis et al., 2017).
The philosophy of precision agriculture is “applying
the right input, at the right time, on the right location
(Earl et al., 2000; Awasthi and Reddy, 2013), with the right
methods and with the minimum negative load on the
environment”. This new approach utilizes detailed records
of whole farm operations that require technological tools
in order to save automatically generated data (Blackmore,
1994; Stombaugh et al., 2001; Blackmore, 2002). Moreover,
the improvement of natural heterogeneity management is
a primary mission of precision agriculture by processing
this data (Gnip and Kafka, 2003).

Gnip and Kafka (2003) expressed that the new era
revolutionizes agriculture and could be explained by
knowledge hierarchy, from data to information and
knowledge. In order to comply with this philosophy, the
sensing and gathering of data is a key element since it is the
first step in the determination of variability. It is a cyclical
process (Proffitt et al., 2006). Processing the data gives
experts the information needed to assess the variability and
variable rate of implementation (Liaghat and Balasundram,
2010). Several methods and tools, such as remote sensing and
imaging technology, were developed over the last 30 years.
Imaging technology has taken the place of time
consuming mapping methods for analyzing agricultural
phenomena in the field (Koehler et al., 2002). Although
the sun is the primary source of the electromagnetic (EM)
spectrum, artificial sources could also emit EM energy.
Objects reflect off this energy. Visible light consists of the
EM spectrum of certain wavelengths (380–700 nm) that
can be seen with the naked eye. However, a large portion of
the EM spectrum is not visible to the naked eye (Aggarwal,
2013).
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Remote sensing (RS) is a method of recording EM
spectrum (data) from a certain distance using sensors that
are not in physical contact with the natural phenomena,
and then converting them into information (Jensen, 1996).
Nowadays, remote sensing is a practical management tool
for precision agriculture in order to take into account the
natural variability in crop management (Casady and Palm,
2002).
Historically, the first aerial photography occurred
as early as 1858 (Rees, 1999) using a hot air balloon at a
height of approximately 80 m. Since then, technological
developments have allowed the operation of new systems
for remote sensing. Wang et al. (2010) categorized airspace
into 3 levels: air, near-space, and space. Lately, space borne,
near-space borne, and airborne vehicles operate for remote
sensing (Wang, 2011). These imaging systems capture the
sunlight reflecting from ground objects using sensors.
These types of tools allow the user to capture the images
on demand, to cover a large area (Landgrebe, 1999), and
perform data recording faster and cheaper than previously.
On the other hand, several drawbacks still exist, which
prevents the obtainment of clear images, such as clouds
and atmospheric haze, lower ground resolution, location
accuracy, etc. (Pohl, 1996; Pohl and Genderen, 1998; Lu,
2006).
Previous researchers have revealed that each object has
a unique spectral signature that differs in the reflectance/
emittance characteristics with respect to wavelengths
(i.e., reflectance/emittance as a function of a wavelength)
(Myers, 1983; Hashimoto, 1989; Omasa, 2006). By using
this characteristic relation, vegetation indices are calculated
to monitor crop status, such as normalized difference
vegetation index (NDVI), visible atmospherically
resistant index (VARI), greenness index (GI), normalized
difference greenness index (NDGI), and photochemical
reflectance index (PRI) (Poças et al., 2015; Tekin and Şen,
2017). In this case, the spectral characteristics of objects
such as crops, soil, etc., are an information source for the
determination of variability (Thenkabail et al., 2000; Broge
and Leblanc, 2001; Haboudane et al., 2002; Haboudane
et al., 2004; Smith, 2012). One of the first attempts to
demonstrate the potential of imaging technology was the
study of Taylor and McClure (Taylor and McClure, 1989).
This study used the range of 400–1100 nm reflectance and
revealed the distribution of chlorophyll in plant tissues.
Bramley and Hamilton (2007) revealed that the
performance of vineyards depended on variables such
as yield, fruit quality, wine quality, and wine style. While
Bramley and Hamilton (2004) reported the reason for
these variations in vineyards, winemakers argued that
variations in grape composition and quality were a greater
concern (Trought 1997; Johnstone 1999). Moreover,
Bramley and Proffitt (1999) did a gross margin analysis

by using basic assumptions considering variations in crop
quality and yield mapping. They declared that applying a
precision viticulture approach was profitably promising.
Bramley et al. (2003) proved these studies’ results with a
real commercial demonstration by selectively harvesting
3.3 ha of a Cabernet Sauvignon vineyard; they managed to
improve the income by over $30,000/ha. Remote sensing
has a potential to assist with respect to both profitability
and heterogeneity management (Hall et al., 2002; Lamb
and Bramley, 2002).
Recently, unmanned air vehicles have been available
for civilian use; although they were originally developed
for military purposes. This platform has been used in
civilian life for survey mapping, civil infrastructure, mine
exploration, precision agriculture, etc. Due to the many
advantages arising from conventional remote sensing,
unmanned air vehicles are becoming more attractive
(Berni et al., 2008; Zarco-Tejada et al., 2012).
Johnson et al. (2001) and Johnson et al. (2003) linked
remote sensing to fruit and wine quality and declared that
it can also support efficient canopy management of the
vineyard. Johnson et al. (2003) tested fixed-wing UAV’s
for mapping crop vigor in the vineyard. They successfully
recorded images using the system and reported that UAV
development offers an affordable alternative with respect
to conventional remote sensing. Costa Ferreira et al.
(2007) and Taskos et al. (2014) studied similar objectives.
Berni et al. (2009) demonstrated that rotary wing
UAVs equipped with thermal and multispectral sensors
have the potential to monitor water stress on crops. They
used vegetation indices in the range of 400–1000 nm and
thermal bands. They emphasized that the low cost and
operational flexibility, in addition to high spatial and
spectral resolutions, resulted in availability for precision
agriculture.
Matese et al. (2018) investigated the potential of
thermal imaging to show the response of vines to irrigation
treatments and improved irrigation management in
vineyards. They also emphasized that those UAVs, having
only a few centimeters of spatial resolution, were able to
provide highly accurate information for assessing plant
status.
Although commercial UAV platforms and spectral
cameras have been on the market at an expensive cost,
it is well known that farmers cannot always generate
sufficient cash to invest in new technologies and this limits
their penetration. Therefore, the most affordable tools are
required.
The stated objectives of this paper were:
· To develop a low cost and easy to implement technical
solution to map spatial variability in a field, and to explore
its relationship with crop conditions.
· To build a closed-loop process starting from a
standardized UAV-based image and shooting until an
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easy but reasonable production of NDVI and the resulting
prescription maps were obtained.
· To discover a tool for precision agriculture that
provides good quality results without investing a restrictive
amount of money.
2. Materials and methods
The main components of the proposed image acquisition
system were UAVs and modified commercial digital
cameras.
2.1. UAV platforms
Within the study, two different fixed-winged UAVs were
built based on commercial airplane models Skywalker
1900 (Skywalker Technology Co., Ltd., Wuhan, China)
and Hobby King EPP-FPV (Hong Kong, China) fitting
the purpose (Figure 1), and were controlled using open
source autopilot. The technical specifications of aircrafts
are tabulated in the Table. The aircrafts were equipped
with APM 2 and APM 2.6 model Arduino pilot (open
source autopilot, based on Arduino and equipped with
Arduplane firmware) respectively supplied from 3D
Robotics (Berkeley, California, USA).
2.2. Cameras for image capturing
Typically, most chlorophyll-containing vegetative surfaces
reflect strongly on the green side of the spectrum (≈
530 nm) while having low reflectance (associated with
strong chlorophyll absorption) on the blue and red sides.
Therefore, photosynthesizing objects appear green when
viewed in the visible portion only. On the other hand,
a higher proportion of sunlight is reflected in the near
infrared band of the electromagnetic spectrum (Campbell,
1996).
Gathering the data of near infrared electromagnetic
energy is an important way of depicting the amounts
of plant biomass. Campbell (1996) reported that near

(a) HobbyKing EPP -FPV (Hong Kong, China)

Table. Technical specifications of the aircrafts.
Technical
specification

Aircrafts
Skywalker

HobbyKing EPP-FPV

Type

Fixed wing

Fixed wing

Wingspan

1900 mm

1800 mm

Length

1180 mm

1150 mm

Flying weight

1300 g ~ 1800 g

800 g ~1000 g

infrared (NIR) reflectance of a plant is more sensitive to
variations in plant health than the visible portion of the
spectrum. In this case, the effect of vine diseases, pests,
nutrition, and available moisture will affect vine biomass.
Moreover, they create symptoms on the leaf, which vary its
spectral characteristics.
Spectral vegetation indices (NDVI, VI, GNDVI, LAI,
etc.) make use of the variation in reflectance of a plant
at green, red, and NIR wavelengths and allows farmers
to monitor the health and development of the vineyards
(Serrano et al., 2010; Baluja et al., 2012; Rapaport et al.,
2015).
Consequently, two small digital cameras, Nikon (Nikon
Imaging Japan Inc., Tokyo, Japan) and Canon (Canon Inc.,
Tokyo, Japan) were modified in order to allow them to
record NIR reflectance (Figure 2). Their resolution of raw
images was 12 bit. After removing the hot-mirror filter, the
spectral sensitivity of the two cameras was measured using
a monospectral calibrated light source from a Specord 50
monochromator (in the range of 400–1060 nm with 20 nm
intervals) (Figure 3).
Bobbe et al. (1995) reported that by replacing the
internal hot-mirror filter with a blue-blocking filter and

(b) Skywalker 1900 (Skywalker Technology Co., Ltd. Wuhan, China)

Figure 1. The UAV platforms at the field for initial test were assembled in a laboratory. (a) HobbyKing EPP-FPV (Hong Kong,
China); (b) Skywalker 1900 (Skywalker Technology Co., Ltd. Wuhan, China).
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(a) Nikon Coolpix P6000 (Nikon Imaging Japan Inc., Tokyo/Japan)

(b) Canon IXUS 132 (Canon Inc., Tokyo/Japan)

Figure 2. The cameras modified for image capturing. (a) Nikon Coolpix P6000 (Nikon Imaging Japan Inc., Tokyo, Japan); (b) Canon
IXUS 132 (Canon Inc., Tokyo, Japan).

Figure 3. Measuring the spectral response of CCD camera.

placing it in front of the lens, the blue channel of the camera
was capable of recording the NIR light reflected from
plants. Based on the study (Ziglado et al., 2001), during the
calibration process, the effect of NIR light on the digital
numbers of the green and red channels were removed
based on the value of the blue channel. Consequently, with
extensive postprocessing, the raw images were converted
into red, green, and NIR false-color images.
Image acquisition from the cameras was acquired using
external triggers (infrared or autopilot driven contacts) and
could be activated through the operator’s remote control
on the ground or programmed automatically using either
a dedicated feature of the autopilot board (based on GPS
or regular intervals) or by using intervalometer scripts at
the camera’s firmware level.
At an altitude of 150–200 m, this system acquired
images with a ground resolution of 6 cm for the visible

and near-infrared bands. The UAVs’ common altitude
stretched over several tenths of meters up to 500 m and
was adapted to survey the fields of several hectares with a
high spatial resolution.
Geometric and radiometric processing was necessary
on the images for quantitative use of the data. Therefore,
all images were recorded and downloaded in raw format
for both camera types. The raw images were postprocessed
and corrected especially for the vignetting effect present on
the modified cameras and particularly visible in the NIR
band. Then, classical photogrammetric calibration was
used in order to measure the lens geometry of each camera
and evaluate the coefficients of the lens polynom needed
as precisely as possible by commercial photogrammetric
software. Several sets of images were acquired over the
experimental fields used for proofing the concept. These
images were radiometrically and geometrically corrected
using the above elements and were stored as georeferenced
images using Agisoft Photoscan software (Russia).
Different atmospheric and illumination conditions were
compensated in the image time series by using invariant
targets on the field.
2.3. Experimental design and implementation
Vineyards, which were managed by the Sevilen Group in
Güney-Denizli, Turkey, were studied for the testing of low
cost UAV-based image acquisition system. The Sevilen 2
was planted in 2006 and Sevilen 3 and 7 were planted in
2005. The variety was Cabernet Franc. The average altitude
of the parcels is 720 m. The soil profile of the field is stony
and has topographic variation in a range of 5 m; locations 1
and 5 are the highest points in those three parcels, whereas
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Location 4 is the lowest region of the experimental parcels.
The drip irrigation operation is realized based on the
measurement of leaf moisture. In addition, single tillage
operation is applied annually.
On June 27, 2015, the test flight was carried out at noon
over three parcels (Sevilen 2, Sevilen 3, and Sevilen 7) with
a size of 2.1 ha, 1.3 ha, and 1.1 ha, respectively. They were
at the stage of green berry growth and green pruning was
implemented two weeks before the test flight.
2.4. Development of technical solution
The aim of this study was to develop a low cost and easy
to implement technical solution to map spatial variability
in an agricultural field. Therefore, it was proposed to
build a UAV platform for carrying the image capturing
tools at a low cost. After receiving parts of the UAV from
several suppliers, the platforms were built in the laboratory
(Figure 4). The platforms could be controlled either by
the remote control unit or by autopilot software. After
gathering the necessary components (wing and tail to

(a)

(c)

build the UAV body), the electronic parts (control unit,
battery, radio link, servo controllers, etc.) were installed.
The body was made of EPO foam that was easily repaired
in less than 30 min in the event of a crash, which allowed
for continuous image shooting. EPO foam airplanes are
light, less dangerous, and easy to repair in most cases. The
communication link was established with remote control
and flew in the outdoors successfully.
After learning how to use the UAV autopilot, simple
flight mission was completed successfully in an open area.
All tests necessary to optimize the sensor settings were
performed and master autopilot is used.
Modified digital cameras were used as an inexpensive
solution for capturing images. They were tested to see if
they could capture an invisible portion of the spectrum.
After measurement, the data was imported into excel and
graphed in order to chart the performance. The modified
cameras were capable of sensing wavelengths in a range of
380–1060 nm. That allowed for capturing the NIR band
(Figure 5).

(b)

(d)

Figure 4. The assembled structure of Skywalker 1900 and initial outdoor test.
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The NDVI calculation was based on previous research
(Volker Dworak, 2013) and adapted to the spectral
response of the selected cameras:
NDVI = ((1.4 × b3–b1) / b1) × ((1.4 × b3) / 2)
(1)
Where b = relative response (the intensity of a pixel in
digital number); b3 = blue channel; b1 = red channel (in
case of a single-chip camera without a hot mirror); b1 =
NIR + red.
2.5. Development of NDVI maps
In order to reveal the ability of the proposed technological
solution, a field test was carried out in viticulture parcels
in Denizli, Turkey (Figure 6), and managed by the Sevilen
Group, who also performed a basic ground truthing survey
with its agronomist.
The images were captured during the flight mission,
postprocessed in order to obtain an orthophoto, and
overlapped with Google Earth using its features (Figure
7). In order to have a clear vision of the map, different
postprocessing and false color palettes were applied.

3. Results
3.1 Assessment of the solution via ground truthing
In order to demonstrate the potential and usability of the
technical solution, sets of images under field conditions in
the vineyards were captured. From the images, an NDVI
map of the parcels was generated. Lamb et al. (2001)
reported a relation between image-derived NDVI values
and healthy and vigorous vegetation. The results shown in
Figure 8 illustrate the health variation in vineyard parcels.
The blue on the processed map represented low vigor and
the red represented high vigor of the vegetation. In order
to assess the relationship between certain points that have
different colors on the processed maps with the plants on
those locations (1, 2, 3, 4, 5), basic ground truthing that
allows image data to be related to real phenomena on the
ground with the agronomist assistance, was carried out
(Figure 9). While the plants at location 2 had light green
leaves, their quantity was fewer than normal, and young
shoots had browny color that represents physical defects

Figure 5. Pixel intensity distribution of the of CCD camera (Canon IXUS 132).

Figure 6. Mission flight of Skywalker 1900 during test flight on
viticulture parcels in Denizli, Turkey.

Figure 7. Orto photo and overlapping on Google Earth map.
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(a)

(b)

Figure 8. NDVI maps of viticulture parcels that represent vigor variation of vegetation (blue represents low vigor and red represents
high vigor).

Figure 9. Ground truthing points depend on the NDVI value.

on them. The plants in location 1 had green leaves and the
quantity was normal for the growing stage. On the other
hand, the plants had dark green leaves in high quantity in
location 5. Although the generated maps had little color
proof for representing the status of plants in location
4, it gave the idea of a vigorous status. The plants in that
location had a relatively weak structure and leaf quantity
was less than normal. Plants also had green leaves and their
quantity was small in location 3 (Figure 10). Taylor and
McClure (1989) found the correlation between 400–1100
nm reflectance and distribution of chlorophyll in plant
tissues. In addition, the berries in locations with low vigor
had visual proof of color changing from green to brown.
The most important factors that are the causes of
spatial variations in vineyard health/vigor are topography,
disease, water holding capacity of soil, and soil’s nutrient
content (Filippetti et al., 2012). The RGB pictures of the
fields captured by satellites (Google Earth Pro, USA) reveal
heterogeneity in parcels that is consistent with the processed
maps (Figure 11). The picture with a date of October 4, 2007
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clearly reveals the color heterogeneity in soil, which could
be due to physical, chemical, and biological soil variation.
Moreover, the agronomist pointed out that the reason
for plant stress in the locations would be due to nutrient
deficiency. Topography and soil structure have variation
in nutrient supply. Other reasons would be water shortage
and disease problems but in this case it should not have
been a problem due to the best growing practices of the
company that did not allow for these kinds of issues to
occur. However, they could have occurred due to disease, or
most probably due to full precipitation, since there was rain
and full precipitation 4 days before the field test and spatial
differences in environmental variables cause significant
spatial heterogeneity in health and vigor throughout a
vineyard (Hall et al., 2002).
Within the study, although vigor maps were generated
via the developed concept, results were not used for variable
rate application. However, they were used to discover
potential reasons for the problematic parts. In order to
have a clear idea of the actual reason for variation, ground
truthing needs to be detailed by several methods, such as
soil mapping and leaf measurements. Moreover, from an
analysis of these maps, it was understood that a higher
number of pictures have to be merged in order to smooth
out the indirect sunlight reflectance. Therefore, there is a
need to increase overlap for both sides and forward. On the
other hand, the physical limits of the UAV platforms (fixed
wing) would be an obstacle in practical conditions if the
parcel is relatively small for realizing the mission plan and
recording adequate images. The UAV platform has to follow
a certain curved path while changing flying lines that are
parallel, from one to the other on both sides of the parcel.
This study was essential in order to meet the target and gain
experience with the new technology. It will be developed by
further studies.

TEKİN and FORNALE / Turk J Agric For

(a) Location1

(b) Location2

(c) Location3

(d) Location4

(e) Location5

Figure 10. Pictures of plants that reveal the status of crops and their vigor level were captured from ground truthing points. (a) Location
1, (b) Location 2, (c) Location 3, (d) Location 4, (e) Location 5.

3.2. Cost of the solution
The total investment cost was approximately $1600 to
include the UAV (SkyWalker 1900) and a modified camera
(Canon Ixus 132), which was easily affordable. To illustrate,
the cost can be compared to the price of a basic spectral
camera for UAV only, which is around $3500, while the
cost of the most popular spectral camera is around $4500
and the system cost is around $15,000.

4. Conclusion
Within the study, a low cost, easy to implement technical
solution was developed to map spatial variability. The
image acquisition system was tested to explore the
relationship between various crop conditions by using
NDVI indices for viticulture. The UAV based system was
capable of capturing images and generating variation
maps of natural phenomena. In addition, it was discovered

295

TEKİN and FORNALE / Turk J Agric For

(b) February 19, 2017

(a) October 4, 2007

(c) June 7, 2018

Figure 11. Visual validation of heterogeneity via historical pictures of parcels from Google Earth Pro (USA). (a) October 4, 2007, (b)
February 19, 2017, (c) June 7, 2018.

that by having a collection of detailed images with higher
overlap percentage, the solution can be used for precision
agriculture and possibly for prescription maps generation.
The results presented in this paper highlight the potential
of the system. Further studies will be carried out to
monitor the vineyard in season to verify actual results with
agronomist support and to apply inputs depending on the
local requirements.
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